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Abstract 
The steady state performance of Low Energy Direct Contact Membrane Distillation (DCMD) is 
numerically investigated. A case of uniform flow is considered entering both the feed side at a 
temperature above the permeate side. The developed fluid model is governed by the Navier-Stokes flow 
and energy equation in a coupled conjugate heat transfer formulation to the flow and the solid membrane. 
Across the membrane and depending on the membrane parameters including permeability, thickness, pore 
size and conductivity the local temperature difference creates a driving pressure gradient responsible of 
evaporation part of the feed adjacent to the membrane  surface, transport it through the pores, and 
condense it at permeate side through the hydrophobic membrane. The membrane’s coefficients of DCMD 
membrane is evaluated along with the mass flux, heat flux, temperature polarization factor, and thermal 
efficiency. In this paper, two flow configurations are studied: Counter and Parallel flow. A parametric 
study is conducted incorporating velocity combinations and concluding an optimum configuration in 
terms of DCMD efficiency, mass flux.  In view of these plausible results, a sensitivity study to the flow 
rates is carried out to gain better insight to the temperature polarization, heat flux including convective, 
conductive and the associated latent heat as well as in understanding its effect on the process metrics and 
yield.  
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1. Introduction 
Direct contact membrane distillation (DCMD) is gaining more popularity because of the required low-
grade energy compared to other technologies such as MSF or RO [1].The advantages of the DCMD lies 
in its simplicity,  utilization of a low-grade temperature difference and the potential of achieving near 
100% rejection of dissolved solids [2]. In addition, membrane processes can be modular and flexible for 
scale up, keeping the advantage that separation is occurring under mild conditions [3]. The DCMD 
incorporates a phase-change at the feed side, transmembrane flux towards the permeate side, and 
condensation at the permeate side [4]. The anatomy of the DCMD consist of two-flows with different 
temperatures and species separated by a hydrophobic membrane, which is in direct contact to the flows 
with the feed typically acquiring a higher temperature than the permeate. The temperature difference 
induced at membrane surface creates a difference in the potential vapour partial pressure and eventually 
transports vapour mass and energy transfer from the hotter feed side to the colder permeate side. Hui Yu 
et al. conducted a numerical study for counter flow considering the transmembrane heat and mass fluxes 
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of the DCMD membrane in a hollow fibre tube [5]. Several empirical and semi-empirical models were 
also proposed [3-4, 6-7]. They utilized similar conjugate heat transfer model and studied the influence of 
the mass flow and length of the membrane under constant membrane coefficient and with less emphasis 
on the combined width, length, velocity effect. Others utilized less accurate semi-empirical correlation, 
constant mass flux coefficient, single side of the flow, or stack of thermal resistances to arrive to the 
prediction of the driving process temperature distribution [2, 8-12]. Zhang et al. [8, 12] are amongst the 
pioneer who modelled the DCMD as conjugate heat considering the sandwiched membrane and its 
surrounding fluids, yet without consideration of any phase-change. On the other hand, Carfi et al. [13] 
introduced a high fidelity analysis modelling combined with Ergun model for pressure drop, Knudson-
diffusion for transmembrane flux, for the modelling of the DCMD. In this work conjugate heat transfer 
model for parallel and counter flow and for temperature dependent membrane coefficient is developed. 
The accuracy of this model stems from the direct coupling between the flow at different inlet velocity 
combinations and membrane property and further evaluation of the associated mass and heat transfer.  
The latter constitute the efficiency of the membrane, which represents the fraction of the heat utilized as 
latent heat of evaporation to the total heat through the membrane, i.e. latent as well as conductive. 
2. Theoretical Model and System Metrics 
In the DCMD process, evaluating the transport of mass constitutes the process productivity. Due to the 
temperature gradient, a driving pressure force is created which is responsible for the mass transfer across 
the membrane [3]. Mass flux is illustrated by Chen and Greenlee [1, 3], which is written as: 
 
ᇱᇱ ൌ ୫൫୫୤ୱୟ୲ െ ୫୮ୱୟ୲൯                                   (1) 
Where ୫ǡ ୫୤ୱୟ୲ǡ ୫୮ୱୟ୲are membrane coefficient, saturated pressure of water on the feed and permeate 
membrane’s surface, respectively. The pressure temperature relation is tabulated in steam tables 
according to Antoine equation [14], which follows a monotonic form within the operational desalination 
temperature range.  For none pure saline or wastewater the pressure is adjusted as shown in our previous 
work [6, 7]. The water activity in NaCl solutions is estimated using correlation of Khayet [4] and Lowson 
[2]. The mass coefficient is obtained from the simulation following either Knudson, molecular, Poiseuille 
or Monte Carlo as reported by Ding et al [15], Bui et al [16] and Imdakum and Mussarra in [17]. This 
work uses a suitable combination between Knudson and Poiseuille models following the work of Chen et 
al. [4] and is described: 
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Where Ƚሺሻǡ Ⱦሺሻ are Knudsen diffusion model and Poiseuille flow model contributions, 
respectively. ୵ is molar mass of the water in (kg/mol), ୫୲ is mean membrane temperature (C),  is gas 
constant,  ୫ is mean pressure, Ɂ୫ thickness of the membrane, Ʉ୴ is gas viscosity,  is pores radius, ɂ is 
porosity of the membrane, ɒ is tortuosity factor, which can be estimated by Iversen  et al. [18]. The 
transmembrane heat flux is described by the latent heat flux and conduction through the membrane. 
Where οܪ௠is the latent heat of the transmembrane flux of the fluid, which is in [19] by Termpiayakul. 
 
ܳ௩ ൌ ̶݆Ǥ οܪ௠                                    (3) 
 
The heat transfer in DCMD can be described in three steps: The heat transfer through the feed boundary 
layer, across the membrane, and through the permeate boundary layer [20]. The total heat flux for the 
membrane is either due to the convection through the feed membrane surface, or the convection through 
the permeate membrane surface or a combination between the conduction ሺ୫ሻ  and latten heat of 
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evaporation through the membrane. The conduction across the membrane material is in part due to the 
bulk membrane material conduction ሺୡሻ and the other is due to the vapor-filled poresሺ୴ሻ. The total 
membrane heat flux is and Hence followed by the conduction heat:  
 
୫ ൌ ୡ ൅ ୴                                     (4) 
        
ܳ௠ǡ௜ ൌ ௞೘ఋ೘ ሺ ௠ܶǡ௙ െ ௠ܶǡ௣ሻ With ܭ௠ ൌ ሺͳ െ ߝሻܭ௕ ൅ ߝܭ௏                         (5) 
Where ܭ௠ is the membrane conductivity which a combination between bulk conductivity ܭ௕ and is the 
vapor conductivity ܭ௏   and is estimated from the work of Chen and Ho [3].). The subsciptis f and p 
signify the feed and permeate, respectively.  
 
DCMD thermal efficiency (ࣁ):  This metric is governed by the fraction of the heat used as latent heat of 
evaporation instead of the lost conduction fraction.  This efficiency can be written as: 
ߟ ൌ ̶݆Ǥ οܪ௠Ȁݍ௙ Where ݍ௙=̶݆Ǥ οܪ௠ ൅ ܭ௠ሺ ௠ܶ௙ െ ௠ܶ௣ሻȀߜ௠                               (6) 
Temperature polarization (ߠ ):  the ratio of boundary layer resistance over the total heat transfer 
resistance: 
 
Ʌ ൌ ୘ౣǡ౜ି୘ౣǡ౦୘ౘǡ౜ି୘ౘǡ౦                                       (7) 
Where the subscripts ݉ǡ ܾǡ ݂ǡ ݌ signify the membrane, bulk, and feed and permeate flow, respectively. For 
smallɅሺ൑ ͲǤʹ), the DCMD is considered heat transfer limited reflecting a poor design. For larger Ʌvalue 
(൒0.6), the DCMD enters the mass transfer limitation that is restricted to low membrane permeability 
[19].  
 
2.4 Flow properties, Model Development and Boundary conditions 
 
The symmetry of the configuration enables one to pursue either 2D or axisymmetric as shown in figure 1. 
The baseline geometry is depicted in figure 1 has a dimension of 21cm length by 0.1cm width and unit 
length depth (1m) of each channel and 0.130mm thickness membrane.  A quadrilateral mesh type is used 
for the geometry and boundary layer mesh is used for membrane surface targeting y+. The mesh size is 
2,100x64 and 2,100x8 for the membrane. The flow properties are summarized and presented in table 1 
 
Fig.1 Schematic diagram of parallel-flow DCMD 
 
Table 1: Properties of the of membrane and flow materials 
Material Density 
(kg/m3) 
Specific heat  
(J/kg.K) 
Conductivity 
(w/m.K) 
Viscosity 
(Pas) 
PVDF [23] 1175 1325 0.2622 - 
Vapor 0.554 2014 0.0261 - 
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Membrane 302.2 1896.9 0.0662 - 
Saline sea water* [24] 1013.2 4064.8 0.642 5.86E-4 
Pure water** [25] 995.2 4182.1 0.613 8.38E-4 
     *At 3.5% salinity and 323 K; **At 303K 
3. Results and Discussion 
I) Parallel Flow: In the Parallel flow study, the above velocity combinations (see table 2) were imposed 
for the feed and permeate, respectively. In this analysis, temperature profiles were generated for the feed 
and permeate membrane surface as shown in fig.2. Because of this profile, it can be deduced that as the 
flow approaches the end of the channel the temperature gradient potential reduces. This is reflected in the 
mass flux (see table.2). Higher temperature difference promotes mass flux through the membrane and 
higher the velocity the higher temperature gradient potential achieved. It should be noted figure 2 is also 
in general agreement of Chen et al. [15] subjected to similar flow conditions. Figure 3 reflects the DCMD 
efficiency of these combinations, the highest mass flux and efficiency incurred was at in velocity 4v-4v.  
 
Fig.2 Temperature profiles for feed and permeate-side membrane        Fig.3 DCMD Efficiency (Parallel Flow) for velocity        
for velocity 1v-1v, 2v-2v, 4v-4v, 2v-1v and 4v-1v                                 1v-1v, 2v-2v, 4v-4v, 2v-1v and 4v-1v 
  
Table 2: Summary of Mass flux for Parallel flow 
Velocity 
abbreviations 
Feed Re* / velocity 
 (m/s) 
Permeate Re* / velocity 
(m/s) 
Accumulative mass 
flux (kg/m2.hr) 
1v-1v 20 / 0.01 m/s 20 / 0.01 m/s 4.14 
2v-2v 40 / 0.02 m/s 40 / 0.02 m/s 3.68 
4v-4v 80 / 0.04 m/s 80 / 0.04 m/s 4.30 
2v-1v 40 / 0.02 m/s 20 / 0.01 m/s 3.28 
4v-1v 80 / 0.04 m/s 20 / 0.01 m/s 3.58 
 
II) Counter flow: Figure 4 represents the temperature profiles for permeate and feed side membrane in a 
counter flow configuration for the same velocity combinations used for parallel configuration. Table 3 
concludes the accumulative mass flux collected for different velocity combinations. The highest reported 
is at 1v-1v with 4.48 kg/m2.hr however, this enhancement is not reflected in the efficiency curve. The 
efficiency takes a new increasing trend for 2v-1v and 4v-1v whereas it decreasing for all the other. This in 
fact grounds the basis of this paper, as to what role does the configuration of the flow plays in the final 
efficiency. 
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Fig.4 Temperature profiles for feed and permeate-side membrane              Fig.5 DCMD Efficiency (Counter flow) for velocity  
for velocity 1v-1v, 2v-2v, 4v-4v,  2v-1v and 4v-1v (Counter flow)              1v-1v, 2v-2v, 4v-4v, 2v-1v and 4v-1v 
 
Table 3: Counter flow 
Velocity 
abbreviations 
Feed Re* / velocity 
 (m/s) 
Permeate Re* / velocity 
(m/s) 
Accumulative mass 
flux (kg/m2.hr) 
1v-1v 20 / 0.01 m/s 20 / 0.01 m/s 4.48 
2v-2v 40 / 0.02 m/s 40 / 0.02 m/s 3.78 
4v-4v 80 / 0.04 m/s 80 / 0.04 m/s 4.33 
2v-1v 40 / 0.02 m/s 20 / 0.01 m/s 3.44 
4v-1v 80 / 0.04 m/s 20 / 0.01 m/s 3.68 
4. Conclusion 
Two DCMD flow configurations were studied, parallel and Counter flow. The temperature profiles, 
Nusselt number, heat flux, temperature polarization, mass flux and thermal efficiency were generated, out 
of which mass flux and efficiency are presented in this paper. Velocity combinations were input and 
studied for the both the parallel and counter flow. Results depicts that with the parallel configuration the 
highest mass flux and efficiency achieved were for 4v-4v velocity profile, whereas for the counter flow, 
the optimum performance achieved were for 1v-1v velocity profile. This in turn reflects the significance 
of the configuration and set up layout of the DCMD.  
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